We report the synthesis of a probe that permits the visualization by electron microscopy of acidic organelles in intact cells. This probe, 3-(2,4-dinitroanilino)-3'-amino-N-methyldipropylamine (DAMP), is a basic congener of dinitrophenol that readily diffuses into intact cells. Its primary and tertiary amino groups (apparent pKa, 10.6) allow it to be concentrated in acidic organelles and to be retained there after fixation with aldehydes. The dinitroarene moiety of DAMP can then be localized with mouse monoclonal antibodies directed against dinitrophenol. The antibodies, in turn, can be visualized by light or electron microscopy by reaction with rabbit anti-mouse antibodies coupled to rhodamine or horseradish peroxidase, respectively. We have used these methods to show that DAMP concentrates in a variety of membrane-bound structures in cultured fibroblasts, including classic multivesicular bodies (resembling lysosomes), intermediate-sized vesicles with multiple shapes (resembling endosomes), and an abundant population of very small spherical vesicles. A small fraction of coated vesicles is labeled with DAMP. Labeling with DAMP does not occur when the pH gradient of fibroblasts is disrupted by the ionophore monensin or the weak base chloroquine. DAMP should be a useful probe for exploring the assembly, distribution, and function of acidic organelles by electron microscopy.
The concept that cellular organelles can maintain a pH lower than that of the surrounding cytoplasm was established by the pioneering studies of lysosomes conducted by deDuve and his colleagues (1) . These workers showed that weak bases, such as chloroquine, which become positively charged at acidic pH, are concentrated in lysosomes. Concentration occurs because these chemicals diffuse freely through the hydrophobic membrane into lysosomes in their unprotonated state at neutral pH, but they become positively charged at acidic pH within the lysosomes and, hence, leave these structures only slowly. Through the use of fluorescent weak bases, such as acridine orange, Allison and Young (2) were able to visualize acidic compartments in intact cells by light microscopy. Through the use of fluoresceinated dextran derivatives whose fluorescence spectrum is altered as a function of pH, Okhuma and Poole (3) estimated that the pH of lysosomes is in the range of 4.7 to 4.8 in living cells.
Recent work in several laboratories has demonstrated that lysosomes are not the only organelles with an acidic pH. Tycko and Maxfield (4) used fluorescein coupled to a-2 macroglobulin to demonstrate that molecules that enter cells by receptor-mediated endocytosis are delivered to acidic endosomes before they reach lysosomes. Marsh et al. (5) showed that the acidic pH of endosomes is critical to the process by which lipid-enveloped viruses enter the cytoplasm after their cellular uptake by receptor-mediated endocytosis. Stone 
MATERIALS AND METHODS
Low-density lipoprotein (LDL) was radiolabeled with 125I as described (9) . Ferritin-conjugated LDL (LDL-ferritin) was prepared as described (10) . A mouse hybridoma clone producing monoclonal antibody directed against DNP conjugated to ovalbumin (clone HDP1) (11) 
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fluoro-2,4-dinitro[3,5-3H]benzene (16.6 Ci/mmol; 1 Ci = 37 GBq; Amersham) in 0.3 ml of acetonitrile to a solution of 5 mg of 3,3'-diamino-N-methyldipropylamine in 1 ml of acetonitrile. After 3 days at room temperature, 6 mg of unlabeled DAMP was added, and the mixture was purified as described above to give [3,5-3H ]DAMP at a specific radioactivity of 18,800 dpm/nmol. Cell Culture. Cultured fibroblasts, derived from a skin biopsy obtained from a normal subject, were grown in monolayer and set up for experiments in 60-mm dishes according to a standard format (9) . All experiments were carried out on day 7 of cell growth in 2 ml of medium (either Dulbecco's modified Eagle medium or Ham's F-12 medium) containing 5% (vol/vol) lipoprotein-deficient serum (9) and the indicated addition.
Indirect Immunofluorescence. Fibroblast monolayers grown on glass coverslips were subjected to the protocol indicated in the figure legends and then fixed for indirect immunofluorescence. To localize DAMP, cells were fixed for 15 min at room temperature in 3% (wt/vol) paraformaldehyde in buffer A (10 mM sodium phosphate/150 mM sodium chloride/2 mM magnesium chloride, pH 7.4), after which they were washed once with 2 ml of 50 mM NH4Cl and twice with buffer A. Each monolayer was permeabilized with 2 ml 0.1% (vol/vol) Triton X-100 in buffer A for 5 min at -10TC. ,ul of tetramethylrhodamine isothiocyanate-conjugated rabbit anti-mouse IgG (40 ,ug/ml) for 60 min at 37°C. The coverslips were washed as described above, mounted on glass slides, and viewed under a fluorescence microscope (13) .
Immunoelectron Microscopy. Fibroblasts were incubated with DAMP as indicated in the figure legends and fixed in 2% paraformaldehyde in buffer B (10 mM sodium periodate/0.75 M lysine/37.5 mM sodium phosphate, pH 6.2). The cells were processed for indirect immunoperoxidase staining of intracellular sites by the method of Louvard et al. (14) using 50 ,xg of monoclonal mouse anti-DNP IgG per ml and 0.5 mg of HRP-conjugated goat anti-mouse IgG per ml. To localize HRP, cells were incubated at room temperature for 10 min with 0.2% (wt/vol) diaminobenzidine and 0.01% (vol/vol) H202. The cells were fixed in 2% (wt/vol) osmium tetroxide and 1% (wt/vol) potassium ferrocyanide in 0.1 M sodium cacodylate (pH 7.3), dehydrated, released from the dish in propylene oxide, pelleted, and embedded in araldite (15) . Sections were cut on a Sorvall MT-2B microtome and viewed without staining in a JEOL 100CX electron microscope.
Other Assays. Protein content of cells and lipoproteins was measured by the method of Lowry et al. (16) . Binding, internalization, and proteolytic degradation of 125I-labeled LDL by fibroblast monolayers were measured by described methods (9). Fig. 1 shows the structure of DAMP. This compound has a dinitroarene group that reacts with monoclonal antibodies to dinitrophenol. It also has a primary and tertiary amino group (apparent pKa, 10.6) that become protonated and positively charged at acidic pH. The primary amino group also allows the DAMP molecule to become covalently linked to proteins in the presence of aldehyde fixatives such a formaldehyde, which allows it to be retained in acidic organelles after fixation.
RESULTS
Based on previous experience with weak bases (1, 3) , we postulated that DAMP would become concentrated in cellular compartments that have an acidic pH. To test this hy- pothesis, we incubated human fibroblasts with 30 ,uM DAMP for 30 min at 37°C. The cells were fixed with formaldehyde and the DAMP was visualized by fluorescence microscopy by reacting cells with a mouse monoclonal anti-DNP antibody followed by a rhodamine-coupled rabbit antimouse antibody. The DAMP was present in large perinuclear vacuoles, consistent with the known distribution of lysosomes, as well as in smaller punctate dots scattered through the cytoplasm (Fig. 2A) . The carboxylic ionophore monensin is known to dissipate proton gradients by exchang- 50 ,uM monensin at either zero time (A) or at 60 min (o). At the indicated time, each monolayer was washed 3 times (3 ml per wash) with ice-cold buffer C (0.15 M NaCl/2 mg of bovine serum albumin per ml/S0 mM Tris chloride, pH 7.4), followed by two additional washes with ice-cold buffer C without albumin. The washed cells were dissolved in 1 ml of Triton X-100, and an aliquot (0.5 ml) was placed in 10 ml of Aquasol (New England Nuclear) for scintillation counting. Each value is the average of duplicate incubations.
ing protons for potassium ions across membranes (17) . When the cells were allowed to take up DAMP, washed, and then exposed to monensin for a 5-min period, the DAMP was no longer visualized within the cell (Fig. 2B) . Chloroquine, a weak base, increases the pH of intracellular compartments (1, 2) . When cells were incubated with 300 ,uM chloroquine, uptake of DAMP was prevented (Fig. 2 C and D) . The results of Fig. 2 (Fig. 3) . Accumulation was prevented by the inclusion of monensin in the medium at zero time. Moreover, when the cells were first allowed to accumulate [3H]DAMP and then incubated with monensin, there was a rapid loss of [3H]DAMP from the cell, even though the [3H]DAMP was maintained in the culture medium. These data indicate that monensin prevents the uptake and retention of DAMP and not its fixation in the tissue, since the radioactivity measurements did not require that the cells be fixed with aldehydes.
Inasmuch as DAMP is a base, its accumulation in lysosomes should increase the pH and block degradation of incoming proteins. Fig. 4 shows that low concentrations of DAMP (20 ,uM) block the degradation of 125I-labeled LDL in fibroblasts and cause the undegraded lipoprotein to accumulate in the cell. Higher concentrations of DAMP (>50 ,uM) block 125I-labeled LDL uptake, presumably because DAMP, like other bases, can prevent receptor recycling and trap the LDL receptor within the cell (13) . The results of Fig. 4 with DAMP are similar to previous results that we have obtained with chloroquine (13) .
To visualize intracellular DAMP by electron microscopy, we incubated fibroblasts with DAMP, fixed the cells with formaldehyde, permeabilized them with saponin, and incubated them with the mouse monoclonal anti-DNP antibody, followed by a HRP-coupled rabbit anti-mouse antibody. The peroxidase was visualized for electron microscopy by incubating the cells with diaminobenzidine and H202. DAMP (Fig. 5A ). Included in this category were typical multivesicular bodies resembling lysosomes (Fig. 5B ). These multivesicular bodies did not contain DAMP when the cells were incubated in the presence of monensin after exposure to DAMP (Fig. 5C ). In addition to multivesicular bodies, the DAMP accumulated in intermediate-sized spherical or tubular vesicles resembling endosomes (Fig. 5D ) and in very small spherical vesicles (Fig. 5E ). We also noted that an occasional coated vesicle concentrated the DAMP (Fig. 5F) ; however, under the conditions of the current experiments, most of the apparent coated vesicles (Fig. SA, arrows) did not contain peroxidase reaction product.
To determine whether some of the acidic compartments participated in receptor-mediated endocytosis of plasma LDL, we incubated cells with LDL-ferritin at the same time that they were exposed to DAMP. The results showed that the multivesicular bodies that contained DAMP also contained numerous ferritin particles (Fig. SG) . These structures did not contain peroxidase reaction product when the cells were incubated with LDL-ferritin in the absence of DAMP (Fig. 5H) 
